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Responsible for the majority of bacterial gastroenteritis in the developed world, Campylobacter jejuni is a pervasive
pathogen of humans and animals, but its evolution is obscure. In this paper, we exploit contemporary genetic diversity
and empirical evidence to piece together the evolutionary history of C. jejuni and quantify its evolutionary potential. Our
combined population genetics–phylogenetics approach reveals a surprising picture. Campylobacter jejuni is a rapidly
evolving species, subject to intense purifying selection that purges 60% of novel variation, but possessing a massive
evolutionary potential. The low mutation rate is offset by a large effective population size so that a mutation at any site
can occur somewhere in the population within the space of a week. Recombination has a fundamental role, generating
diversity at twice the rate of de novo mutation, and facilitating gene ﬂow between C. jejuni and its sister species
Campylobacter coli. We attempt to calibrate the rate of molecular evolution in C. jejuni based solely on within-species
variation. The rates we obtain are up to 1,000 times faster than conventional estimates, placing the C. jejuni–C. coli split
at the time of the Neolithic revolution. We weigh the plausibility of such recent bacterial evolution against alternative
explanations and discuss the evidence required to settle the issue.
Introduction
The World Health Organization expects that every
year 1% of the population of developed nations will suffer
campylobacteriosis (Humphrey et al. 2007), a diarrheal dis-
ease that can lead to serious sequelae such as Guillain–
Barre ´ syndrome and reactive arthritis (Zia et al. 2003).
Campylobacterjejuniistheprincipalbacterialagentrespon-
sible for gastroenteritis, ahead of Salmonella, Escherichia
coli, Clostridium, and Listeria combined (Adak et al.
2005). For such a common pathogen, surprisingly little is
known about its evolution. What we do know is that Cam-
pylobacter species are zoonotic pathogens that colonize
thegutofawidevarietyofbirdsandmammals.Campylobacter
jejuni, the species responsible for 90% of human disease, is
found commonly in cattle, sheep, pigs, poultry, wild birds,
rabbits,otherwildmammals,householdpets,molluscs,sew-
age,andinnaturalwatersourcessuchasriversandthecoast
(Jones2001;Humphreyetal.2007).TheC.jejunigenepools
in different host species are largely overlapping (McCarthy
etal.2007),butpopulationgeneticanalysishasrevealedthat
themajorityofhumancasesofdiseasearecausedbyisolates
associated with livestock and poultry (Wilson et al. 2008).
Qualitative evidence suggests that adaptation is ongo-
ing in C.jejuniand is facilitatedbyhorizontal gene transfer.
The mechanism of virulence in C. jejuni is still poorly un-
derstood, but loci responsible for adherence, cellular inva-
sion, toxin production, and ﬂagellar motility are thought to
be important virulence factors (Fouts et al. 2005). The ge-
netic basis for antimicrobial drug resistance is known, and
its spread by recombination has been demonstrated both
within C. jejuni (de Boer et al. 2002) and between related
species (Oyarzabal et al. 2007). The resistance of C. jejuni
to a range of antibiotics is common throughout the world
and is thought to have been driven by frequent use in
animals farmed for meat (Moore et al. 2006).
What we do not know about C. jejuni is how dynamic
is it as a species, what is the timescale of its evolution, how
quickly might it adapt, and what is the extent to which re-
combination facilitates gene transfer within C. jejuni and to
or from its sister species? Recently, Sheppard et al. (2008)
have suggested that the rate of recombination between
C.jejunianditssisterspeciesCampylobactercoliissufﬁcient
to have begun to reverse the speciation process, but the
timescale over which that might be happening is unclear.
Integral to these questions is the matter of calibrating
the molecular clock, an issue fraught with difﬁculty in the
bacterial world. Unlike multicellular eukaryotes, bacteria
donoteasilyfossilize,andwhentheydotheirunremarkable
morphology does not allow accurate taxonomic classiﬁca-
tion. Unlike viruses, bacteria mutate slowly, so slowly that
the evolution of natural populations has not been readily
measuredinrealtime.Todate,therateofevolutioninbacteria
has been calibrated indirectly. Ochman and Wilson (1987)
placed upper and lower bounds on a series of bacterial phy-
logeneticsplitsbycross-referencingothereventsthatcanbe
dated. For example, the common ancestor of mitochondria
andtheirclosestlivingbacterialrelativesmusthaveoccurred
more recently than the Palaeoproterozoic increase in atmo-
spheric oxygen and prior to the radiation of mitochon-
drion-bearing eukaryotes. Moran et al. (1993) calibrated
themolecularclockinbacterialendosymbiontsbyassuming
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is available. These phylogenetic approaches often conﬂict
withempiricalapproachesthatarebasedonlaboratorymeas-
urements of generation lengths and mutation rates (Lenski
et al. 2003; Ochman 2003).
Our study isbased on a longitudinalsampleof1,205 C.
jejuni isolates collected over a 3-year period from patients in
Lancashire, England (Wilson et al. 2008), and DNA se-
quenced using multilocus sequence typing (MLST, Dingle
et al. 2001). We characterize the ongoing evolution of
C. jejuni using a population genetic (microevolutionary)
model of the forces of drift, mutation, recombination, and
natural selection. We exploit the longitudinal sample to cal-
ibrate the molecular clock for C. jejuni directly from within-
species variation, and we utilize empirical measurements of
generationlengthsandmutationratestoquantifythespecies’
effective population size and evolutionary potential. Finally,
we look at the evolution of C. jejuni in the wider (macroevo-
lutionary) context of the Campylobacter genus, employing
our rate estimates to date phylogenetic splits, such as the
common ancestor of C. jejuni and its sister species C. coli.
We evaluate our rate estimates in light of previous work and
discuss the plausibility of a Neolithic origin of C. jejuni.
Methods
Isolates
We analyzed 1,205 of the C. jejuni isolates of Wilson
et al. (2008) that were available at the time of writing. The
isolates were collected from patients diagnosed with campy-
lobacteriosis and notiﬁed through general practitioners and
hospitals to the Preston Microbiology Services Laboratory
in the Preston postcode district between January 1, 2000,
and December 31, 2002. The sampling time corresponds
tothedateatwhichtheisolatewasreceivedatthelaboratory.
The study area covers 968 km
2, consisting of both urban
(Preston, Leyland, Chorley, and Garstang) and rural (Ribble
estuary and Ribble valley) districts and comprised 403,000
people at the 2001 census. As is the norm with campylobac-
teriosis, the cases we studied were sporadic in nature; there
was no evidence for outbreaks. The isolates were sequenced
at seven housekeeping loci (aspA, glnA, gltA, glyA, pgm, tkt,
and uncA) using the MLST (Dingle et al. 2001) producing
3,309 nucleotides in total per isolate.
Analysis Overview
We used a variety of standard tools from a molecular
evolutiontoolkit inorder toinfer theevolutionaryhistory of
C.jejuni:Structure(Falushetal.2003)toidentifyC.jejuni–
C. coli hybrids, an importance sampler (Fearnhead 2008) to
calibrate the rate of molecular evolution, approximate
Bayesian computation (ABC) (Beaumont et al. 2002) to es-
timate population genetic parameters for C. jejuni, and
BEAST (Drummond et al. 2002) to reconstruct the phylog-
eny of the genus Campylobacter.
Identiﬁcation of C. coli Hybrids
It was necessary to identify C. jejuni–C. coli hybrids
because the microevolutionary models that we subse-
quently used are based on the coalescent (Kingman
1982), which is a probabilistic model for the relatedness
of individuals in a population (the genealogy). Interspeciﬁc
gene ﬂowintroduces allelesthat are very distantlyrelated to
the rest of the population, and therefore violate the assump-
tions of relatedness made by the coalescent. Gene ﬂow be-
tween C. jejuni and its sister species C. coli has been
reported previously (Dingle et al. 2005), so we used Struc-
ture (Falush et al. 2003) to identify alleles imported from
C. coli before ﬁtting the evolutionary models.
Informally, Structure assigns individuals to popula-
tions (or species in our case) on the basis of allele frequen-
cies. Alleles at one locus that are typically observed to be
associated with C. coli alleles at other loci will be assigned
to C. coli. Although they are sister species, relatively few
alleles are found in both species. Except when there has
been interspeciﬁc gene ﬂow, there are usually enough ﬁxed
nucleotide differences between C. jejuni and C. coli alleles
to accurately identify the origin (Dingle et al. 2001). For
each polymorphic nucleotide, Structure gives a posterior
probability of C. jejuni ancestry (as opposed to C. coli an-
cestry). From this we deﬁned hybrids as isolates with a pos-
terior probability of dual ancestry greater than 0.95. Full
details of the analysis are given in the supplementary
methods, Supplementary Material online.
Microevolution of C. jejuni
The evolutionary models that we employed, both pop-
ulation genetic and phylogenetic, are modular insofar as
they comprise the following components:
  Model of mutation
  Model of recombination
  Model of relatedness (the genealogy or phylogeny)
  Method of statistical inference
In evolutionary genetics, the choice of model repre-
sents a tradeoff between the competing desires for a biolog-
ically realistic model and one for which statistical inference
is feasible. The method of inference is the limiting step:
Simpler models can be ﬁtted using powerful likelihood-
based methods (such as importance sampling [IS] or Mar-
kov chain Monte Carlo [MCMC]), which are statistically
efﬁcientinthattheyexploitalltheinformationthedatahave
to offer.More complexmodels can onlybe ﬁtted using sim-
ulation-based methods (such as ABC, Beaumont et al.
2002), which are suboptimal because they use summaries
of the full data.
Recombination in particular massively increases the
complexity of a model, and intraspeciﬁc recombination
is frequent in C. jejuni (Fearnhead et al. 2005), both within
andbetweengenes.TolearnabouttheevolutionofC.jejuni,
we adopted a two-stage approach that represents a compro-
misebetweenourcompetingdesires1)tocalibratetherateof
evolutionary change in C. jejuni and 2) to learn about the
multifarious forces shaping C. jejuni. The former requires
powerfullikelihood-basedinferencetoextractwhatislikely
to be a weak signal, because our sampling period of 3 years
islikelytobeshort relative to thetimescale ofbacterialevo-
lution.Thelatterrequiresacomplexmodelthatincorporates
drift, mutation, selection, and recombination.
386 Wilson et al.In the ﬁrst step, we ﬁtted the following model that is
simple enough to use a likelihood-based IS method (Exam-
ple 3 of Fearnhead 2008). The 1,018 isolates were analyzed
for which sampling times were available.
  Inﬁnite alleles model of mutation (Kimura and Crow
1964), in which new alleles are generated at rate h. This
rate encompasses the generation of novel alleles by
mutation, intraspeciﬁc recombination, and interspeciﬁc
recombination.
  Free recombination between loci, which is to say the
loci are assumed unlinked or independent.
  The coalescent with serial samples (Rodrigo and
Felsenstein 1999), in which the parameter Neg deter-
mines the rate of coalescence per year.
  Likelihood-based IS (Fearnhead 2008).
The allelic mutation rate h is measured in coalescent
time units of 2Neg years, where Ne is the effective popula-
tion size and g the generation length in years. In this model,
the alleles identiﬁed as C. coli imports were assumed to
have arisen by interspeciﬁc recombination, and the dates
of their introduction were estimated. We used priors on
h and Neg that are ﬂat on the logarithmic scale. The object
of inference in this, the ﬁrst step, was to estimate the time-
scale of evolution, which is determined by the coalescent
parameter Neg. For an illustration of how Neg affects the
signal of measurable evolution, see supplementary ﬁgure
S1, Supplementary Material online.
In the second step, we ﬁtted a more complex model
using ABC (see supplementary methods, Supplementary
Material online, for full details), in which selection is mod-
eled as a form of mutational bias. This analysis was based
on the sequences of 881 pure C. jejuni isolates available at
the time.
  Nielsen and Yang (1998) codon model whose param-
eters are the synonymous mutation rate hS, the
transition–transversion ratio j, and the dN/dS ratio x.
  A model of recombination suitable for bacteria (Wiuf
and Hein 2000), whose parameters are the rate of
recombination q and the average length of import s.
  The coalescent with serial samples, with parameter Neg.
  Simulation-based ABC.
The parameters hS and q are measured per kilobase
(kb), in coalescent time units of 2Neg years. In this model,
C. coli hybrids were excluded from the analysis. Except for
Neg, we used priors that are ﬂat on the logarithmic scale. In
order to calibrate the rate of molecular change, which is to
say convert hS into real-time units of years, we used the
posterior from the simpler model as an informative prior
for Neg. This was necessary because we had found that
ABC was not sufﬁciently sensitive to estimate Neg.
To distinguish the calibrated parameters from those
measured in coalescent time units, we use lS to denote
the rate of synonymous mutation per kb per year and
r to denote the rate of recombination per kb per year,
whereas hS and q denote the corresponding rates in coales-
cent time units. Formally, hS52NeglS and q52Negr.W e
alsousehNandlNtodenotethecorrespondingratesofnon-
synonymous change, and the total mutation rates are
h5hS þ hN and l5lS þ lN.
Macroevolution of Campylobacter
We put the evolution of C. jejuni into a wider context
by inferring thephylogenetic history ofseven Campylobac-
ter species for which similar MLST schemes have been de-
signed (Dingle et al. 2001; Miller et al. 2005; van Bergen
et al. 2005). For each species we chose a typical isolate and
tested that there was no interspecies recombination between
the chosen isolates using a permutation test based on the
correlation between physical distance and linkage disequi-
librium (LD) (McVean et al. 2002). We then ﬁtted the fol-
lowing phylogenetic model to the concatenated gene
sequences. For further details see supplementary methods,
Supplementary Material online.
  Nielsen and Yang (1998) codon model with parameters
lS, j,a n dx.
  No recombination, which is to say the loci are fully
linked.
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FIG. 1.—Histograms of the number of nucleotide differences between each pair of alleles at the seven MLST loci. When Campylobacter
coli–derived alleles are removed, the dark gray portions of the histograms disappear.
Evolution of Campylobacter jejuni 387  Yule (1924) model, in which speciation occurs at rate k
per 1,000 years.
  Likelihood-based MCMC implemented in BEAST
(Drummond et al. 2002).
We used informative priors for j and x, taken from
our posteriors estimated from the microevolutionary model.
On the timescale of the Campylobacter phylogeny, our se-
quences are essentially sampled contemporaneously.
Therefore, the data do not contain information regarding
the rate of evolution. That was provided entirely by our in-
formative prior on lS, which was taken from the posterior
estimated from the microevolutionary model.
Results
In presenting our results, we begin by scrutinizing ge-
neticdiversityandLDinthecontemporarypopulation.This
reveals a number of insights, including the identiﬁcation of
new C. jejuni–C. coli hybrids, and the demonstration that
recombination is the primary mechanism driving molecular
change. Then we proceed to calibrating the real-time rate of
molecular change. We detect a signal of measurable evolu-
tion in C. jejuni and employ that calibration to date histor-
ical events, including the importation of genes from C. coli
and the most recent common ancestor (MRCA)of C.jejuni.
We discuss the real-time evolutionary potential of C. jejuni,
including the likely efﬁcacy of selection and the size of the
gene pool. Finally, we utilize our estimate of the molecular
clock to calibrate the phylogeny of the genus Campylobac-
ter. We discuss the cultural changes that may have coin-
cided with the C. jejuni–C. coli split and the robustness
of the approach in light of the conﬂict that arises with
traditional estimates.
Recombination Dominates the Evolution of C. jejuni
A cursory analysis of the patterns of nucleotide diver-
sity in C. jejuni immediately reveals evidence of interspe-
cies gene ﬂow. For each of the seven genes, ﬁgure 1
illustrates the number of nucleotide differences between
each pair of alleles. At six loci, there is distinct clustering
between alleles that are genetically similar (in light gray)
and dissimilar (in dark gray). The majority of alleles differ
by fewer than 20 nucleotides, but a small number are highly
divergent,differing by40 nucleotidesormore from therest.
By comparing our sample of C. jejuni isolates to the C. coli
isolates of Dingle et al. (2005) using the program Structure
(Falush et al. 2003), we found that the genetically divergent
alleles, most of which are observed at low frequency, are
imports from C. coli.
Thirty of1,205C.jejuni isolates werefound tocontain
C. coli alleles. Sequence type (ST-) 61, which carries the
C. coli-derived uncA-17 allele (Dingle et al. 2005), ac-
counted for 23 of those. Five other STs were newly iden-
tiﬁed as hybrids; for each one, ﬁgure 2 illustrates the
posterior probability of C. jejuni ancestry across the seven
loci. ST-1869 and ST-1933, represented by one isolate
each, carried C. coli–derived alleles gltA-30 and aspA-
33, respectively. ST-2383, also represented by a single iso-
late, differed from ST-61 by a single nucleotide in aspA.
The only evidence for intragenic mosaicism was found
in pgm-93, carried by ST-350, of which there were two iso-
lates. This allele contains a 200-bp stretch of DNA with
C. coli ancestry, ﬂanked on both sides by sequence of
C. jejuni ancestry. The rarity aspA-33, gltA-30, and pgm-
93, and the uniformity of the background on which
uncA-17 is found, suggest these genes were introduced sin-
gly in four independent ancestral cross-species recombina-
tion events. However, the ancestral history of ST-1934,
representedbyasingleisolate,islikelytobemorecomplex.
FiveofthesevengeneswereC.coliderived,intimatingamore
complex history involving multiplecross-species gene trans-
fer events. A single isolate, ST-962, bore C. coli alleles at all
seven genes, suggesting this isolate was misclassiﬁed.
Removal of the C. coli alleles erases the genetic dis-
continuity from patterns of C. jejuni diversity (leaving the
light gray portions of ﬁg. 1) and allows us to identify the
contribution of mutation and selection to population diver-
sity. Pure C. jejuni isolates differed by an average of 49.8
nucleotides out of the 3,309 sequenced by MLST. The ma-
jority of differences were synonymous, indicative of the
housekeeping function of the loci. Using ABC, we esti-
mated that a pair of C. jejuni isolates, sampled at the same
time, differ by h 5 13.7 mutations per kb on average, of
which hS 5 11.8 would be synonymous (see table 1 for
credible intervals [CI]). This makes C. jejuni diverse rela-
tivetootherbacteria(Pe ´rez-Losadaetal.2006).Theintense
purifying selection experienced by these genes is reﬂected
in the small dN/dS ratio of x 5 0.0283. Mutations are also
highly skewed in favor of transitions (j 5 19.0). To em-
phasize the strength of selection, we used our parameter
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FIG. 2.—Campylobacter jejuni–Campylobacter coli hybrids identiﬁed by Structure. Six sequence types were identiﬁed as hybrids. For each hybrid,
the posterior probability of C. jejuni ancestry (as opposed to C. coli ancestry) is shown in gray for the seven MLST loci.
388 Wilson et al.estimates to calculate that the theoretical mutation rate, in
the absence of selection (i.e., if x 5 1), would be
h0 5 35.6 per kb, some 2.6 times higher than the actual
rate. This implies that purifying selection purges 60% of
novel genetic variation.
Recombination is prevalent in C. jejuni (Fearnhead
etal.2005),facilitatinggeneﬂowwithinthespecies,aswell
as importing diversity from without. Permutation tests
(McVean et al. 2002) showed signiﬁcantly lower LD be-
tweenlocithanwithinP , 0.01),butlackedpowertodem-
onstrate signiﬁcant levels of intragenic recombination on
a locus-by-locus basis. Nevertheless, formal model ﬁtting
revealed nonzero levels of intragenic recombination. Using
ABC, we estimated that an average of q 5 1.31 recombi-
nation breakpoints per kb would occur on the evolutionary
branches separating a pair of isolates. Assuming an expo-
nential distribution for the length of DNA imported during
homologous recombination, we estimated an average im-
port length of s 5 4.54 kb. The wide CIs for q and s (table
1) attest to the weak intragenic signal, but these ﬁgures are
consistent with those estimated by LDhat (Fearnhead et al.
2005). Appreciably more power was available to estimate
the interlocus rate of recombination. A curious aspect of
bacterial recombination is that residual, nonzero LD is ex-
pected even between distant loci (Wiuf and Hein 2000).
This is because the rate of recombination plateaus to a max-
imum of qs, rather than increasing linearly with physical
distance. We estimated the long-range rate of recombina-
tion to be qs 5 6.08, with a relatively tight CI (see table 1).
A simple comparison of the rate of recombination to
mutation conceals the primacy of recombination as the
dominantforcethatgeneratesmolecularchange.Thehigher
rate of point mutationper seisoffsetby thewider effect that
each recombination event has. Hundreds to thousands of
nucleotides are imported during recombination, of which
a proportion p/1,000 will differ between the incoming
and existing sequence, where p is the average number of
pairwise nucleotide differences per kb in the population.
Therefore, within-species recombination drives molecular
change by a factor qsp=2h more quickly than de novo
mutation, which we estimated to equal 2.67 (95% CI
1.39–4.95).
By quantifying the rate of recombination, we were
able not only to establish the importance of intraspeciﬁc re-
combination relative to mutation but also to compare the
relative importance of intraspeciﬁc with interspeciﬁc gene
ﬂow. We reasoned earlier that the ancestral history of
C. jejuni bears witness to atleast four importationsfrom sister
species C. coli. From our estimate of the within-species re-
combination rate, we predict that during the same ancestral
history, there were approximately 230 intraspeciﬁc recom-
bination events. Although we did not formally infer the rate
of recombination between C. jejuni and C. coli, we can de-
duce that the rate of cross-species gene ﬂow is little more
than an order of magnitude (roughly 230/4 5 57.5 times)
less frequent than within-species gene ﬂow. This reinforces
the observation that recombination is fundamental, not just
in driving molecular change within C. jejuni but also in
facilitating cross-species gene ﬂow, which is likely to have
important implications for long-term adaptation.
Is Genetic Variation in C. jejuni Just 400 Years Old?
Central to calibrating the rate of molecular evolution is
estimating Neg, the timescale of the genealogy. The product
of the effective population size (Ne) and the generation
length (g), this parameter dictates the rate of coalescence
in C. jejuni, it determines the date of the MRCA, and it al-
lows the rates of mutation and recombination to be mea-
sured in real-time units. To have power to estimate Neg,
the population must be measurably evolving on the time-
scale of the sampling period (Drummond et al. 2003). That
is equivalent to saying there must have been a detectable
number of mutation, recombination, or coalescence events
in the population during the 3-year longitudinal study. Sup-
plementary ﬁgure S1, Supplementary Material online, illus-
trates the idea and shows where in the data the signal lies.
We used the importance sampler of Fearnhead (2008)
to estimate the rate of molecular change in C. jejuni (table
1). To determine whether the population was measurably
evolving, we conducted a formal hypothesis test in which
we compared two models, one using the longitudinal sam-
pling times and the other assuming all sequences were
Table 1
Estimates of Evolutionary Parameters in Campylobacter Jejuni
Parameter Units
A Posteriori
A priori 95% CI Point Estimate 95% CI
Allele model
Neg Mean coalescence time Years 209 155–288 92–820
h Allelic mutation rate (2Neg)
 1 4.38 3.75–5.18 1.1–9.4
1
Sequence model
h Total mutation rate kb
 1 (2Neg)
 1 13.7 8.35–23.9 2.1–180
hS Synonymous mutation rate kb
 1 (2Neg)
 1 11.8 7.51–19.7 1.9–170
hN Nonsynonymous mutation rate kb
 1 (2Neg)
 1 1.9 0.84–4.2 0.2–10
h0 Neutral mutation rate kb
 1 (2Neg)
 1 35.6 22.0–61.8 5.8–510
j Transition–transversion ratio 19.0 8.85–39.8 3.3–180
x dN/dS ratio 0.0283 0.0165–0.0492 0.0022–0.18
qs Recombination rate between distant loci (2Neg)
 1 6.08 3.19–11.2 2   10
 4–8   10
5
q Recombination rate kb
 1 (2Neg)
 1 1.31 0.0273–42.2 0.0014–72
s Mean DNA import length kb 4.54 0.100–214 0.015–6,800
The geometric mean was used to obtain point estimates. The (2.5%, 97.5%) quantiles were used to calculate the 95% CI. All priors were uniform on the logarithmic scale.
Evolution of Campylobacter jejuni 389sampled simultaneously. For the two models, measurably
evolving (M1) versus not measurably evolving (M0), we es-
timated the likelihood averaged over the parameter values
and calculated a Bayes factor, which is the ratio of these
likelihoods. We obtained a Bayes factor of 3.0   10
20,
which is much greater than one, indicating very strong sup-
port for the measurably evolving hypothesis.
We estimated that Neg 209 years (95% CI 155–288),
which can be understood as the average age of the common
ancestor of a pair of C. jejuni sequences sampled contem-
poraneously. The magnitude of Neg, together with the fact
that thepopulationismeasurablyevolvingonatimescaleof
just3years,suggestsarapidrateofevolutioninC.jejuni.In
a demographically stable population, the date of the MRCA
is a measure of population turnover and is expected to equal
2Neg. In a recombining population such as C. jejuni, the
MRCA varies between genes and even within a gene.
We estimated a very recent date for the average MRCA
across genes of TMRCA 5 AD 1591 (95% CI 1304–
1771; see table 2). This suggests that the rate of turnover
of genetic variation at the average locus is just 409 years.
The MRCA represents merely the root of the contemporary
genealogy and does not coincide with the birth of the spe-
cies, but it does mark a horizon beyond which we cannot
use intraspeciﬁc genetic variation to reconstruct the evolu-
tionary past. Later, weemploy homologous sequences from
other Campylobacter species to infer the deeper history of
C. jejuni.
Evaluating the timescale of evolution in C. jejuni
should allow events other than the MRCA to be dated.
Of particular interest are the dates of the cross-species re-
combination events identiﬁed earlier. Those events are,
namely, the importation of aspA-33, gltA-30, pgm-93,
and uncA-17. We report both calibrated and uncalibrated
dates in table 2; the uncalibrated dates are measured in co-
alescenttimeunitsofNeg.Wefoundthattwogenesarevery
recent imports from C. coli, consistent with their low fre-
quency. The calibrated dates suggest that with 95% prob-
ability, aspA-33 was introduced between January 1997 and
March 2001, and pgm-93 was imported between July 1965
and May 2000. The uncalibrated dates show that these rare
alleles were imported very much more recently than the
TMRCA. We were unable to date the importation of gltA-
30 because no sampling time was recorded for the isolate
carrying it. However, based on its sample frequency, its im-
portation date is likely to resemble that of aspA-33. The C.
coli-derived uncA-17 is the most frequent and most ancient
import. Present in 25 isolates, we estimated its date of in-
troductiontobeMarch1966(95%CISeptember1725–July
1995) or 6.5% of the evolutionary time since the MRCA.
Knowledge regarding the timescale of evolution in C.
jejuni allows the absolute rate of molecular change, or the
molecular clock, to be calibrated. The parameter h is the
number of mutations (per kb) by which the average pair
of sequences differs. However, an equivalent interpretation
is that h is the rate of mutation (per kb) in coalescent time
unitsof2Negyears. Similarly,qistherate ofrecombination
(per kb) per 2Neg years. Therefore, we can combine our
estimate of Neg obtained by IS with our estimates of pop-
ulation genetic parameters obtained by ABC to convert the
mutation and recombination rates from coalescent time to
real time. Table 3summarizesthe results of this conversion.
We inferred an absolute mutation rate of l 5 3.23   10
 2
per kb per year, comprising a synonymous rate of lS 5
2.79   10
 2 and a nonsynonymous rate of lN 5 4.4  
10
 3 per kb per year. This corresponds to an average wait-
ing time, per lineage per kb, of 31.0 years before a mutation
arises. We estimated an absolute recombination rate of
r 5 3.07   10
 3 per kb per year, rising to rs 5 1.45  
10
 2 per year between distant loci. We go on to use the
absolute rate of synonymous mutation (lS) calculated here
to calibrate the phylogeny of the genus Campylobacter.
We have already seen that C. jejuni experiences in-
tense purifying selection at the housekeeping loci studied
here(x 5 0.0273).Intheabsence ofselection,theabsolute
mutation rate would be l0 5 8.39   10
 2 per kb per year
(95%CI4.85   0
 2 15.1   10
 2),2.6timeshigherthan
that observed. Besides reﬂecting the strict functional con-
straint of the genes in question, the strength of selection
conveyed by these ﬁgures intimates a large effective
Table 2
Dating Ancestral Events
Calibrated Date Uncalibrated Date (Units of Neg)
Event Point Estimate 95% CI Point Estimate 95% CI
TMRCA MRCA 1,592 1,305–1,772 1.87 9.21   10
 1–3.68
TaspA-33 Import of aspA-33 from Campylobacter coli August 2000 Jan 1997–Mar 2001 1.34   10
 3 8.68   10
 5–0.0422
Tpgm-93 Import of pgm-93 from C. coli January 1998 Jul 1965–May 2000 8.73   10
 3 8.25   10
 4–0.244
TuncA-17 Import of uncA-17 from C. coli March 1966 Sep 1726–Jul 1996 1.20   10
 1 1.23   10
 2–1.06
Table 3
Calibrated Rate Parameters in Campylobacter jejuni
Parameter Units Point Estimate 95% CI
l Total mutation rate kb
 1 year
 1 3.23   10
 2 1.86   10
 2–5.81   10
 2
lS Synonymous mutation rate kb
 1 year
 1 2.79   10
 2 1.60   10
 2–5.08   10
 2
lN Nonsynonymous mutation rate kb
 1 year
 1 4.40   10
 3 2.60   10
 3–7.30   10
 3
l0 Neutral mutation rate kb
 1 year
 1 8.39   10
 2 4.85   10
 2–1.51   10
 1
rs Recombination rate between distant loci Year
 1 1.45   10
 2 7.11   10
 3–2.92   10
 2
r Recombination rate kb
 1 year
 1 3.07   10
 3 4.79   10
 5–1.27   10
 1
390 Wilson et al.population size and gene pool. Intense functional constraint
suggests that C. jejuni is already highly adapted, but it is of
interest to quantify the evolutionary potential of the species
or the rate at which it could respond to a change in selection
pressure.
The Evolutionary Potential of C. jejuni Is Immense
Theevolutionarypotential,oradaptability,ofaspecies
depends on two quantities not readily calculable from pop-
ulation genetic data. The real-time total-population rate of
mutation, Nel0, determines the rate at which advantageous
variants may arise in the event of a change in selection pres-
sure. Together with the amount of standing variation, it de-
termines the rate of adaptation; informally, this isthe size of
the gene pool. The effective population size, Ne, limits the
efﬁcacy of selection (Kimura 1955) and hence how likely it
isthat anadvantageous variant wouldspread should itarise.
We cannot estimate either quantity directly from the se-
quence data. However, knowledge of the generation length
(g) or the per-generation neutral mutation rate (m0) would
be sufﬁcient to calculate the quantities of interest, via the
parameters we have been able to infer.
Campylobacter jejuni is a microaerophilic bacterium
that is adapted to growth at 37 or 42 C, typical of the mam-
malian and avian gut, respectively. Growth experiments in
culture demonstrate that the generation length depends on
many factors including the genotype, temperature, and the
presenceofcompetingstrains(VelayudhanandKelly2002;
Khannaetal.2006;Jacksonetal.2007;Konkeletal.2007).
An excursion into the recent literature reveals that the dou-
bling time of wild type C. jejuni ranges from 90 min to 5 h,
although we cannot discount longer generation times in
vivo. By assuming that empirical estimates of generation
length follow a log-normal distribution and utilizing vague
priors on the mean and variance of that distribution, we ob-
tained a posterior-predictive distribution on generation
length (see, e.g., Gelman et al. 2003, p. 74). Figure 3a
shows this distribution, with the empirically measured gen-
eration timesfrom 10growthexperiments(Velayudhanand
Kelly2002;Khannaetal.2006;Jacksonetal.2007;Konkel
et al. 2007) of wild type C. jejuni at 37 and 42 C, both
alone and in mixed culture, indicated by black lines cross-
ing the horizontal axis. We calculated a point estimate of
2.44 h, with 95% CI of 0.719–8.29 h (table 4).
No direct estimate of the de novo per-generation mu-
tation rate, m0, is available for C. jejuni, but Drake (1991)
and Drake et al. (1998) reported a startlingly consistent pat-
tern in the genomic rate of mutation between different mi-
cro-organisms. Per kb, the mutation rates of these
organisms (bacteriophages, E. coli, Saccharomyces cerevi-
siae, and Neurospora crassa) vary 16,000-fold. Per
genome, the rate varies just 2.5-fold, excepting outliers.
Drake calculated a mean genomic mutation rate of
Table 4
Inference Based on Empirical Parameter Estimates
Parameter Units Method Point Estimate 95% CI
Empirical estimates
g Generation length Years In vitro doubling times 2.79   10
 4 8.20   10
 5–9.46   10
 4
Hours 2.44 0.719–8.29
m0 Neutral mutation rate kb
 1 g
 1 Drake’s method 2.77   10
 6 2.26   10
 7–3.41   10
 5
Composite estimates
Ne Effective population size Ne 5 h0/(2m0) 6.42   10
6 4.95   10
5–8.29   10
7
Ne 5 Neg/g
 7.50   10
5 2.13   10
5–2.64   10
6
W Inverse population mutation rate Days W 5 365   (2g)/h0 5.71 1.52–21.4
Days W 5 365   (4Negm0)/h0
2  0.667 0.0437–10.2
l0 Neutral mutation rate kb
 1 year
 1 l0 5 m0/g 9.95   10
 3 6.18   10
 4–1.60   10
 1
Methods denoted by
 are calibration sensitive.
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FIG. 3.—Inference based on empirical parameter estimation. Posterior distributions of (a) generation length g,( b) mutation rate m0,( c) effective
population size Ne, and (d) waiting time for a novel mutation W, based on empirical estimates of the generation length (dark gray histograms) or
mutation rate (light gray histograms), and population genetic estimate of h0 (c, d). The empirical data are indicated with black lines crossing the
horizontal axis in (a) and (b). The background histogram in (c) and (d) additionally depends on the population genetic estimate of Neg, rendering them
sensitive to the calibration of the molecular clock. See table 4 for more details.
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 3, which equals 1.9   10
 6 per kb for C. jejuni,
which has a 1.7-Mb genome (www.nmpdr.org/content/
campy.php). To quantify the uncertainty in this approach,
we again assumed a log-normal distribution for variation in
m0 to obtain a posterior-predictive distribution based on
Drake’s mutation rates, adjusted for genome size. Because
we included outliers, we obtained a point estimate of
2.77   10
 6 per kb and wide CI (table 4). The distribution
is plotted in ﬁgure 3b, with the empirically measured mu-
tation rates, adjusted for genome size, indicated by black
lines crossing the horizontal axis.
From these empirical estimates, we can calculate evo-
lutionary quantities of interest. A number of simple formu-
lae relate the parameters g, m0, h0, and Neg to the effective
population size, Ne, and the real-time population mutation
rate, Nel0. An intuitive representation of this latter quantity
is W 5 365   1,000/(Nel0), which gives the expected
waiting time, in days, for a mutation to arise at any partic-
ular nucleotide,somewhereinthepopulation.Theformulae
for calculating Ne and W are detailed in table 4. When the
formula involves Neg, the estimate is sensitive to the cali-
bration of the molecular clock: Ne is calibration sensitive
when estimated from gbut notm0.Wiscalibration sensitive
when estimated from m0 but not g. By comparing calibra-
tion-sensitive and insensitive estimates, this provides a use-
ful check.
The posterior distribution of Ne is plotted as a light
gray histogram in the foreground of ﬁgure 3c to emphasize
its dependence on m0 and its insensitivity to calibration. In
the background, in dark gray is plotted the estimate based
on g, which is calibration sensitive. Based on m0, we esti-
mate an effective population size of 6.42 million. The wide
CIs (table 4) principally reﬂect the underlying uncertainty
in m0. The calibration-sensitive estimate based on g is 0.75
million and has tighter, partially overlapping CIsthat reﬂect
the lesser uncertainty in g. In ﬁgure 3d, the estimate of W
based on g (dark gray histogram in foreground) is insensi-
tive to calibration and has tight CIs surrounding the point
estimate of 5.71 days. The estimate based on m0 is 0.667
days (light gray histogram in background); the posterior
distribution has wide CIs and is calibration sensitive.
Qualitatively, the results agree that the effective pop-
ulation size of C. jejuni is large, on the order of hundreds of
thousands to tens of millions. This suggests that selection is
highly efﬁcacious in C. jejuni, sensitive to ﬁtness advan-
tages as small as 1   10
 6. Earlier, we estimated a dN/
dS ratio of 0.0283, suggesting that selection is, for the most
part,purifying.However,asecondconsequenceofthelarge
effective population size is to counteract the low intrinsic
mutation rate, such that the average waiting time for
a new mutation to arise at any particular nucleotide is just
5.7 days, maybe less. Although most are lost by drift or
purged by selection, novel genetic variants are arising at
such a rate that the potential of C. jejuni to adapt to changes
in selection pressure appears to be immense.
Despite the qualitatively similar conclusions, there ex-
ist inconsistencies between the estimates of Ne and W based
on g and m0. These inconsistencies are manifest in the non-
overlapping portions of the light and dark gray histograms
in ﬁgure 3c and d. The reason for this partial overlap can be
understood when we use g and m0 to obtain an empirical
calibration of the neutral rate of molecular change in
C. jejuni. Table 4 shows that the empirical point estimate
of l0 is 9.95   10
 3, an order of magnitude lower than that
estimated by our population genetics method from within-
species variation (table 3). Although the CIs of the empir-
ical estimate are sufﬁciently wide (table 4) to subsume the
population genetics estimate, the empirical evidence sug-
gests a slower molecular clock overall.
Is Campylobacter Speciating on a Timescale of
Thousands of Years?
Earlier, we remarked that the MRCA of a species con-
stitutes a horizon beyond which we cannot use intraspeciﬁc
geneticvariationtoreconstructevolutionaryhistory.Inare-
combining species, the MRCA can differ between loci, but
we estimated that the date of the MRCA for the average
locus in C. jejuni existed around 400 years ago. To delve
deeper into the species’ evolutionary history, it is necessary
to employ more distantly related molecular sequences, so
we used the sequences of six Campylobacter species for
which MLST schemes have also been developed: C. coli
(Dingle et al. 2001), Campylobacter fetus (van Bergen
et al. 2005), Campylobacter helveticus (Miller et al.
2005), Campylobacter insulaenigrae (Stoddard et al.
2007), Campylobacter lari (Miller et al. 2005), and C. up-
saliensis (Miller et al. 2005). The MLST schemes for these
species have four genes in common: glnA, glyA, tkt, and
uncA (otherwise known as atpA).
The Campylobacter species we studied exhibit an in-
teresting array of pathogenicities and host ranges. Besides
C. jejuni, which is responsible for 90% of human campy-
lobacteriosis (Gillespie et al. 2002), C. coli, C. lari, and C.
upsaliensis have been documented in sporadic cases or out-
breaks of gastroenteritis in humans (Miller et al. 2005).
Campylobacter coli has a host range largely overlapping
with that of C. jejuni albeit with a greater afﬁnity for pigs
(Dingle et al. 2005) and, like its sister species, tends to be
carried asymptomatically in the gut of livestock, poultry,
wild birds, and mammals. Campylobacter lari likewise
has a wide host range but is characterized by its isolation
from seagulls, mussels, and oysters (Miller et al. 2005).
Campylobacter upsaliensis, together with the related C.
helveticus,isassociatedwithdomesticcatsanddogs(Miller
et al. 2005). Two subspecies are known of C. fetus. C. fetus
subsp. fetus can induce abortion in sheep and less often in
cattle and humans (van Bergen et al. 2005). The genetically
uniform C. fetus subsp. venerealis is cattle restricted, in
which it causes a venereal infection that can lead to infer-
tility and abortion (van Bergen et al. 2005). A somewhat
distinct, reptile-associated strain of C. fetus has also been
described (Tu et al. 2001), which has been documented
in at least one case of human disease (Tu et al. 2004).
The most recently described of these species, C. insulaeni-
grae, has been isolated from several marine mammals:
common seals and a harbor porpoise in Scotland (Foster
et al. 2004) and northern elephant seals in California
(Stoddard et al. 2007). It too has been observed in a case
of invasive human disease (Chua et al. 2007). Various
Campylobacter species are routinely isolated from sewage
392 Wilson et al.and environmental sources, including fresh and marine
water (Jones 2001).
Foreach species,a typicalisolate was chosen (see sup-
plementary methods, Supplementary Material online). As
no recombination was detected between these sequences
(P 5 0.47), we constructed a phylogeny using BEAST
(Drummond et al. 2002), which we calibrated using our
population genetic estimate of the synonymous mutation
rate based on variation within C. jejuni (table 3). The stan-
dard method of dating recent bacterial evolution (Achtman
etal.2004;Roumagnacetal.2006) isto calibrate the rate of
sequence divergence relative to E. coli and Salmonella ty-
phimurium, which Ochman and Wilson (1987) estimated to
have split 120–160 Ma. They calculated a molecular clock
of 1% per 50 My in the 16S rRNA gene. That would date
the split between C. jejuni and C. coli, which differ by 0.4%
on average (Gorkiewicz et al. 2003), to 10 Ma.
Byour method, we obtained a vastly different estimate
of 6,580 years ago (95% CI 3,580–12,400). The phylogeny
inﬁgure4islabeledwiththeinferredsplittimesofallseven
species. Two sources of uncertainty exist in the date esti-
mates. The ﬁrst source, which is modest in this case, is un-
certainty in the split times relative to one another, indicated
by the error bars associated with each node in the phylog-
eny. The second source, which dominates here, is uncer-
tainty in the calibration of the molecular clock, which
we represent as uncertainty in the scale bar of the phylog-
eny. Relative and total uncertainty in split times is detailed
in table 5. There was negligible uncertainty in the tree
topology.
Consistent with recent Neighbor-Joining (NJ) phylog-
enies based on the 16S rRNA, rpoB, and groEL genes
(Ka ¨renlampi et al. 2004; Korczak et al. 2006), we found
that C. jejuni and C. coli are sister species, as are the
pet-associated C. helveticus and C. upsaliensis, and the re-
cently discovered C. insulaenigrae and C. lari. On the
deeper structure, the NJ trees disagreed mutually, and with
our Bayesian phylogeny, except on the observation that
C. fetus is the most divergent of the seven species. The
phylogeny we inferred is consistent with the observation
ofFoutsetal.(2005) thatC.upsaliensissharesmore protein
identity (74.7%) with C. jejuni at the genomic level than
does C. lari (68.9%).
Our method of calibration suggests that Campylobac-
ter is speciating on the order of thousands, rather than mil-
lions of years. We dated the root of the tree to 33,800 years
ago (95% CI 19,000–62,600). Using Yule’s model (Yule
1924), a speciation rate of k 5 0.0452 per lineage per
1,000 years was inferred (table 6), which equates to an ex-
pected waiting time of 22,000 years between speciation
events.
Calibration of the phylogeny is determined by the mu-
tation rate, which we estimated at l 5 2.93   10
 2 per kb
per year, slightly lower than the mutation rate within C. je-
juni.The mutation rate isa functionof thesynonymousmu-
tation rate (lS), which by our method was estimated from
within C. jejuni, and the transition–transversion ratio (j)
and dN/dS ratio (x). The latter two quantities were coesti-
matedwiththephylogenybutinformedwithpriorestimates
from within C. jejuni. As would be expected (Rocha et al.
Table 5
Phylogenetic Split Times in the Genus Campylobacter
Split
Point
Estimate
95% CI
Relative
Uncertainty
Total
Uncertainty
coli–jejuni 6,580 6,240–6,930 3,580–12,400
helveticus– upsaliensis 4,400 4,190–4,630 2,400–8,290
insulaenigrae–lari 6,530 6,150–6,940 3,560–12,500
helveticus–jejuni 16,000 15,200–16,800 8,800–30,300
lari–jejuni 21,200 20,300–22,100 11,600–39,500
fetus–jejuni 33,800 32,800–34,800 19,000–62,600
16000
6580
4400
6530
21200
33800
5000 years
(2830 - 8820 years)
FIG. 4.—Phylogeny of the genus Campylobacter. Nodes are labeled with estimated divergence times using BEAST. Error bars associated with
each node indicate relative uncertainty in node height. Uncertainty due to calibration of the molecular clock is represented by a 95% CI below the scale
bar. Posterior uncertainty in the tree topology was negligible. The scale bar was calibrated from intraspeciﬁc variation in Campylobacter jejuni. For
alternative scales, see table 7.
Evolution of Campylobacter jejuni 3932006), the dN/dS ratio was lower and in this case signiﬁ-
cantly lower (x 5 0.0120), between Campylobacter spe-
cies than within C. jejuni, which accounts for the lower
total mutation rate. Curiously, we obtained a transition–
transversion ratio 10-fold lower (j 5 1.81) between Cam-
pylobacter species than within C. jejuni.
To compare the intraspeciﬁc, population genetics cal-
ibration with other methods of calibration, we offer alter-
native scales in table 7 for the scale bar in ﬁgure 4. The
empirical method utilizes the neutral molecular clock esti-
mate from table 4, which is based on in vitrodoubling times
and experimental estimates of the per-generation mutation
rate. Using the empirical approach, the length of the scale
bar is 42,200 years with a wide CI (2,690–661,000) that
subsumes the CI for the intraspeciﬁc method. The Ochman
and Wilson (1987) method has been used in several recent
publications (e.g., Achtman et al. 2004, Roumagnac et al.
2006) to calibrate the timescale of bacterial evolution and
makes the lengthof the scale bar 7.6 My. The quantiﬁcation
of uncertainty in the original paper did not incorporate all
sources of error, and so we do not put forward a CI. Finally,
the coalescent approach uses hS/2 for the synonymous rate
of molecular change, which yields date estimates in coales-
cent time units of Neg years. The TMRCA for C. jejuni oc-
curred around 2Neg years ago, so this provides a relative
means of dating the phylogeny. The length of the scale
bar is 23.6Neg, with a CI of 14.1–39.6Neg. That makes
theC.jejuni–C.colisplitaround17timesmoreancientthan
the MRCA of C. jejuni.
Epidemiological Clustering Might Distort Calibration
In light of the 1,000-fold discrepancy between our in-
traspeciﬁc method of calibrating the rate of Campylobacter
evolutionand conventional estimates,weperformedfurther
statistical tests of robustness. We defer biological consid-
erations of the plausibility of our estimates to the discus-
sion. The formal hypothesis test we performed earlier
stronglysupportedamodelinwhichC.jejuniismeasurably
evolving, over one in which it is not. When above 1, the
Bayes factor supports the measurably evolving model,
and when below 1, it supports the simpler model in which
all sequences were treated as if they were sampled simul-
taneously. We obtained a Bayes factor of 3.0   10
20,
which is much greater than 1. However, for completeness,
we performed a permutation test in which the sampling
times of the sequences were randomized 100 times, and
the Bayes factor recomputed in each case in order to obtain
a reference distribution. No Bayes factor even remotely as
large as 3.0   10
20 was observed during the permutations,
conﬁrming that a signal consistent with measurable evolu-
tion does indeed exist.
It is possible that epidemiological clustering over time
could cause an artifactual signal of ongoing evolution. For
example, successive epidemics of genetically related
C. jejuni sweeping through the human population could
cause a correlation between sampling time and genetic dis-
tance: Organisms sampled closer together in time would be
genetically more similar, mimicking the pattern expected in
a measurably evolving population. There was no obvious
pattern of recurrent epidemics in the data—indeed C. jejuni
generally occurs sporadically (Wilson et al. 2008)—but in
any event it would be difﬁcult to distinguish from ongoing
evolution. In an attempt to eliminate subtle epidemiological
clustering, we thinned the data set so that no two cases oc-
curred fewer than seven days apart, leaving 116 sequences.
Havingremoved90%ofthesequences,weobtainedamuch
smaller Bayes factor in favor of the measurably evolving
model of 33.1. We repeated the permutation test as before.
This time, out of 100 permutations, a Bayes factor larger
than 33.1 was obtained three times. This suggests the mea-
surably evolving model is still preferred, but much less so
than before. It remains unclear whether by thinning the
data, a large reduction in the Bayes factor was obtained be-
cause epidemiological clustering was causing an artifactual
signal of ongoing evolution or because removing 90% of
the sequences weakens inferential power.
Discussion
A Neolithic Origin for C. jejuni
Starkly at variance with conventional estimates of the
timescale of bacteria evolution, how plausible is the molec-
ular clock we estimated from within-species variation? Our
estimate of the C. jejuni–C. coli split time coincides with
the Neolithic domestication of a wide variety of animal
and plant species, a time of broad cultural transition known
as the Neolithic revolution, which began around 10,000
years ago. In particular, a date of 6,580 years ago coincides
roughlywiththespread ofdomesticpigsfrom theNearEast
and the ﬁrst known domestication of wild boar of European
descent in the Paris Basin, in the early fourth millennium
BC (Larson et al. 2005, 2007). The relevance of this is
the particular association of C. coli with domestic pigs
(Dingle et al. 2005), which invites speculation as to the role
oftheadvent ofthedomesticpigindrivingthespeciationof
C. jejuni or C. coli from their common ancestor.
Interestingly, evidence is accumulating (Mira et al.
2006) that the Neolithic revolution played an important role
Table 6
Evolutionary Parameters in the Genus Campylobacter
Parameter Point Estimate 95% CI
l 2.93   10
 2 1.60   10
 2–4.99   10
 2
j 1.81 1.51–2.15
x 0.0120 0.00961–0.0152
k 0.0452 0.0149–0.120
Table 7
Alternative Scale Bars for Campylobacter Phylogeny
Method Scale (Years) 95% CI
Intraspeciﬁc
a 5,000 2,830–8,820
Empirical
b 42,200 2,690–661,000
Ochman–Wilson
c 7,600,000 Not quantiﬁed
Coalescent
d 23.6Neg 14.1 Neg–39.6 Neg
a Based on lS from table 3.
b Based on lS calculated from l0 in table 4.
c Based on Dingle et al. (2005).
d Based on hS from table 1.
394 Wilson et al.in creating new niches for a variety of pathogens of humans
and their domesticated species, perhaps as a result of
changes in agricultural practice or the advent of animal do-
mestication. The genomes of pathogens such as Bordetella
pertussis (whooping cough in humans), Pseudomonas sy-
ringae pathovar tomato (bacterial speck on tomatoes), and
Burkholderia mallei (glanders in horses) exhibit a prolifer-
ation of insertion sequences connected with niche special-
ization and subsequent genome reduction/corruption.
However, C. jejuni is unusual in harboring virtually no in-
sertion sequences (Parkhill et al. 2000), and both it and C.
coli retain wide host ranges.
No Resolution for the Bacterial Molecular Clock
Our synonymous rate estimate of lS 5 2.79   10
 2
per kb per year is considerably at odds with traditional es-
timates of the bacterial molecular clock (Ochman and
Wilson 1987), which would date the C. jejuni–C. coli split
at 10 Ma. There are of course a number of reasons to ex-
ercise caution. Our Bayesian approach accounts for all
sources of evolutionary uncertainty under the model, but
uncertainty in the fundamental model assumptions is not
so easily quantiﬁed. Extrapolation is the most dangerous
form of statistical prediction, so the assumption that muta-
tion ratesareconstantwithin andbetween speciesisamajor
one. It is widely appreciated that the long-term molecular
clock is slower than short term (Rocha et al. 2006), but this
is generally thought to be accounted for by the delayed ef-
fects ofpurifyingselection.Although weattemptedtoabate
the problem by assuming only that the synonymous rate is
constant, we saw that not just the dN/dS ratio but also the
transition–transversion ratio was signiﬁcantly lower be-
tween species than within C. jejuni. Secondly, we demon-
strated that a signal exists indicating that C. jejuni is
measurably evolving on the timescale of our sample, but
we cannot deﬁnitively rule out an artifactual association be-
tween sampling time and genetic similarity. For example,
concurrent epidemic clusters sweeping through the popula-
tion might generate such an association, although there was
no evidence for it.
Even so, a rapid bacterial molecular clock cannot be
dismissed out of hand. Indeed, two other attempts to cali-
brate the rate of bacterial evolution from intraspeciﬁc
genetic variation have yielded similar estimates. Pe ´rez-
Losada et al. (2007) estimated a mutation rate of 4.58  
10
 2kb
 1year
 1for housekeeping genes in Neisseriagon-
orrhoeae based on surveys of gonorrhoea patients in Bal-
timore, MD, between 1991 and 2005. Falush et al. (2001)
used sequential biopsies from carriers of Helicobacter py-
lori in New Orleans, LA, and Colombia to estimate that the
rate of mutation in housekeeping genes may have been as
high as 4.1   10
 2 kb
 1 year
 1.
Traditional rate estimates are themselves at odds with
empirical mutation rate estimates (Lenski et al. 2003;
Ochman 2003), as we found here. Per-generation mutation
rates estimated in the laboratory are several orders of mag-
nitude higher than expected from Ochman and Wilson’s
molecular clock, even allowing for natural selection.
Furthermore, certain commensal and pathogenic bacteria
whose divergence can bedatedviatheirhostspeciesexhibit
16S rRNA genetic diversity that is higher than expected
from a rate of 1% per 50 My (Mira et al. 2006). Our
own empirical estimates of the rate of molecular evolution
were closer to our population genetic estimates than to the
Ochman–Wilson estimates, differing by a factor of 10 in
their point estimates and overlapping partially in their
CIs.ThatdiscrepancycouldbeexplainedifDrake’smethod
of mutation rate estimation (Drake 1991, Drake et al. 1998)
gives a conservative estimate. Drake’s method makes many
assumptions and does not take account of lineage-speciﬁc
knowledge. For example, C. jejuni lacks a number of genes
responsible for DNA repair (Parkhill et al. 2000), which
could underestimate the mutation rate sufﬁciently to ex-
plain the discrepancy between empirical and population ge-
netics estimates. What we can refute is the suggestion (Tu
et al. 2001) that mammal and reptile-associated C. fetus
genotypes diverged 200 Ma, prior to the origin of mam-
mals. This hypothesis is not even supported by the Och-
man–Wilson method of calibration, which puts the
C. jejuni–C. fetus split, the root of our phylogeny, at a mere
51.4 Ma.
Conclusion
Patterns of genetic variation within and between spe-
cies provide an, albeit corrupted, document of evolutionary
history. The picture of evolutionary history painted by ge-
netic diversity in C. jejuni is one of a dynamically evolving
species shaped by frequent recombination and intense pu-
rifying selection. Campylobacter jejuni is highly adaptable
by virtue of its large effective population size, which coun-
ters a mutation rate that is low in comparison with viral
pathogens (Drake et al. 1998). Together with routine
cross-species gene ﬂow, our analysis reveals a pathogen
with the potential to adapt rapidly to changes in selection
pressure.
Comparison with gene sequences from related species
shows that C. jejuni may have evolved recently, within the
past 12,000 years and possibly in response to changes in
agriculturalpracticeandtheadvent ofanimaldomestication
coinciding with the Neolithic revolution. Campylobacter is
a dynamic genus in which species are no boundary to gene
ﬂow. Host ranges are wide and overlapping, and zoonosis
between host species is common.
We believe that studies of ancient DNA offer the best
prospect for accurately calibrating recent evolution in bac-
teria, although progress so far has been limited (Willerslev
et al. 2004; Barnes and Thomas 2006). We have shown that
large within-species samples can be analyzed with complex
evolutionary models that incorporate recombination, with-
out resorting to phylogenetic tree building. By integrating
microevolutionary (population genetic) and macroevolu-
tionary (phylogenetic) approaches in a Bayesian manner,
we were able to quantify cumulative evolutionary uncer-
tainty and perform detailed evolutionary inference. Certain
gaps in our knowledge have been highlighted, including
the generation length of pathogens in vivo and the per-
generation rate of mutation in all but a few species. Finally,
we have proposed that Campylobacter may be evolving on
Evolution of Campylobacter jejuni 395a timescale of thousands, rather than millions of years. Our
results contradict the traditional view of the rate of evolu-
tion in bacteria, but at the very least, they demand a re-
evaluation of molecular clock estimates that are widely
in use 20 years on.
Supplementary Material
Supplementary methods and supplementary ﬁgure S1
are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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